ABSTRACT
INTRODUCTION 1
The Xanthophyllomyces dendrorhous yeast (formerly Phaffia rhodozyma) 2 produces an extracellular β-fructofuranosidase of 160-200 kDa (Xd-INV, formerly 3 described as an INVertase) with heterogeneous degree of glycosylation [1;2] . The 4 crystallization and preliminary X-ray diffraction analysis of this enzyme after a 5 deglycosylating treatment was performed [3] . The enzyme hydrolyzes efficiently 6 fructosyl-β-(2→1) linked carbohydrates such as sucrose and 1-kestose. The level of 7 glycosylation affects the thermal behaviour of Xd-INV but not to its 8 transglycosylation/hydrolysis ratio [2] ; the synthesis of fructooligosaccharides 9 (FOS) reaches its maximum at 60-70ºC. Besides Xd-INV, an intracellular β-10 fructofuranosidase of 33 kDa with an optimal temperature of 45ºC and a similar 11 activity profile has been described in X. dendrorhous [4;5] . 12
To our knowledge, Xd-INV is the most efficient enzyme for the synthesis of 13 FOS of the 6 G-series (neoFOS, e.g. neokestose and neonystose), which contain a β-14 (2→6) linkage between a fructose and the glucosyl moiety of sucrose. Several 15 studies indicate that such neoFOS possess enhanced properties and chemical 16 stability compared to 1 F-FOS typically used as prebiotics (e.g. 1-kestose or nystose) 17 [6] [7] [8] [9] . 18 Undoubtedly, the distinctive property of Xd-INV is its ability to transfer a 19 fructosyl moiety to the glucose unit of sucrose. This contrasts with the behaviour 20 of other fructosylating enzymes, including levansucrases [10] , inulosucrases [11] from Phenomenex. Detection was performed using a refractive index detector 1 (model 2410, Waters) equilibrated at 30ºC. Acetonitrile/water 82:18 (v/v), 2 degassed with helium, was used as mobile phase at 1.0 mL/min for 25 min for the 3 reactions with disaccharides as acceptors, and 80:20 (v/v) for higher saccharides. 4
The column temperature was kept constant at 30ºC. The data obtained were 5 analysed using the Varian Star 4.0 Software. Each analysis was performed in 6 duplicate. The transfer/hydrolysis ratio for each acceptor molecule was calculated 7
as the ratio between the chromatographic areas of all the fructosylated products 8 generated in the reaction (neokestose, 1-kestose and derivatives for the new 9 acceptors) and the free fructose. Purification. For the isolation of the acceptor product with maltose, the 14 biocatalytic reaction was scaled to 3 mL. At the point of maximum concentration of 15 the unknown compound, the enzyme was inactivated at 100ºC for 10 min. The 16 carbohydrates in the mixture were purified by semi-preparative HPLC using a 17 system equipped with a Waters Delta 600 pump coupled to a 5 µm Kromasil-NH2 18 column (10 x 250 mm; Analisis Vinicos). A three-way flow splitter (model 19 Accurate, Dionex) and a refraction index detector (Varian, model star 9040) 20 equilibrated at 30ºC were used. Acetonitrile/water 75:25 (v/v), degassed with 21 helium, was used as mobile phase at 5 mL/min for a total analysis time of 25 min. 22
The column temperature was kept constant at 30ºC. After collection of the different 23
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rotavapor (Buchi). 2
Analysis of purity. The purity of the acceptor product with maltose was 3 analyzed by high-performance anion-exchange chromatography with pulsed 4 amperometric detection (HPAEC-PAD) on a ICS3000 Dionex system (Dionex 5
Corp., Sunnyvale, CA) consisting of a SP gradient pump, an AS-HV autosampler 6
and an electrochemical detector with a gold working electrode and Ag/AgCl as 7 reference electrode. All eluents were degassed by flushing with helium. A 8 pellicular anion-exchange 4 x 250 mm Carbo-Pack PA-1 column (Dionex) 9
connected to a CarboPac PA-1 guard column at 30°C was used. For eluent 10 preparation, MilliQ water and 50% (w/v) NaOH (Sigma-Aldrich) were used. The 11 flow rate was 1.0 mL/min during the analysis. The initial mobile phase was 20 12 mM NaOH for 13 min. A mobile phase linear gradient from 20 mM to 100 mM 13 NaOH and from 0 to 40 mM sodium acetate was performed in 7 min, and the latter 14 composition was kept constant for 10 min. Then a linear gradient from 40 to 100 15 mM sodium acetate in 5 min maintaining 100 mM NaOH was programmed, and 16 the mobile phase composition was kept constant for 2 min. The peaks were 17 analyzed using Chromeleon software. The identification of the different 18 carbohydrates was done based on commercial standards and purified FOS as 19 described elsewhere [1;12] . in the acceptor reactions with isomaltulose (peak 9), trehalose (peak 11), 18 isomaltose, maltotriose, maltotetraose and raffinose (chromatograms not shown). 19
However, the fructosyl moiety of sucrose was not transferred to cellobiose, 20 lactulose, lactose or turanose and neither to the monosaccharides fructose, glucose 21 or galactose.
We followed the concentration of total biosynthetic products (neokestose, 1-1 kestose and acceptor derivatives) in the reaction mixture during 240 min with the 2 different acceptor sugars (Fig. 2) . In the case of maltose, isomaltose and 3 isomaltulose, acceptor products reached about 8% (w/w), referred to the total 4 amount of sugars in the reaction mixture. The lowest concentration of acceptor 5 product was obtained with trehalose, not surpassing 2% (w/w). In a control 6 reaction by using 200 g/L of sucrose as the sole substrate, only neokestose and 1-7 kestose were obtained (15.6 g/L, 7.8% of total sugars). 8
Considering that the response factor of the refraction index detector is very 9 similar for most carbohydrates, we defined the acceptor efficiency of the different 10 sugars as the ratio between the area of the main acceptor product −at the point of 11 maximum concentration− and the area of FOS (neokestose plus 1-kestose) at the 12 same point of the reaction. As shown in Table 1 , isomaltulose, maltotetraose, 13 maltotriose, maltose and isomaltose displayed efficiencies higher than 1.0, which 14 indicated that they were better acceptors than sucrose itself. In addition, these 15 acceptors gave rise to transfer/hydrolase ratios (calculated as described in section 16 2.5) in the range 1.2-1.6, which were at least 4-fold higher than those obtained 17 using monosaccharides, cellobiose, lactulose or turanose (sugars unable to act as 18 fructose acceptors; ratio of 0.2-0.3) and even trehalose (poor fructose acceptor; 19 Table 1 The mass spectrum of compound 10 confirmed that it was a trisaccharide. Karboune synthesized a variety of hetero-FOS using the levansucrase from Bacillus 8 amyloliquefaciens with sucrose-maltose mixtures [10] ; the major transfructosylation 9 product was identified to be the non-reducing trisaccharide erlose [Glc-α(1→4)-10
Glc-α(1→2)-β-Fru]. The same product (erlose) was obtained with the levansucrase 11
from Bacillus subtilis [30] . 12
Most β-fructofuranosidases such as that from Aspergillus niger are only able 13 to transfer the fructosyl moiety of sucrose to the 1-OH group of terminal 14 fructofuranosides such as sucrose, 1-kestose, inulobiose and raffinose [31] . Table 1 . 4 5
Kinetics of formation of 6'-O-β β β β-fructosylmaltose (neo-erlose) 6
The transfructosylating activity of Xd-INV towards maltose was assayed in 7 detail during 240 min using the conditions described above. 
Effect of donor/acceptor ratio in the synthesis of neo-erlose 1
In order to increase the yield of synthesized neo-erlose, several concentrations 2 of sucrose and maltose were assayed. Lowering the molar ratio donor 3 (sucrose)/acceptor (maltose), a significant enhancement in the concentration of 4 neo-erlose was observed (Table 2) . Thus, a 2.3-fold improvement in the synthesis 5 of neo-erlose was obtained using a molar ratio donor/acceptor 1:3 compared with 6 1:1. In this situation only 5.2 g/L of neokestose plus 1-kestose were obtained, 7 which indicates that maltose clearly competes with sucrose for the fructosyl 8 residue. Using a molar ratio of sucrose/maltose of 3:1 the yield of neokestose plus 9 1-kestose was twice that of neo-erlose. 10 11
CONCLUSIONS 12
Xd-INV is able to fructosylate maltose and other carbohydrates containing a 13 glucose moiety. Compared with other fructosyl-transferring enzymes such as 14 levansucrases, inulosucrases and most β-fructofuranosidases, the enzyme displays 15 high regiospecificity towards the 6-OH hydroxyl group of the glucose at the non- 60°C. Standard deviations were lower than 5%. b Proposed structure based on the specificity of this enzyme. 
